Introduction
Eucalyptus species are among the most widely planted forestry species, covering more than 4 million hectares in 58 countries (Khuspe et al. 1987) . These species are also becoming increasingly important for timber, pulp and paper production (Warrag et al. 1990) . Eucalyptus is naturally regenerated by seed. Breeding processes, however, are slow, difficult and limited by the long regeneration period. Numerous methods of vegetative propagation have been attempted, but have often resulted in low success rates (Gupta & Mascarenhas 1983) . A reason for this is that by the time desirable qualities such as vigour, high volume production or disease resistance have been identified, the selected trees are no longer suitable for use as a source of cutting material (Hartney 1980) .
It is well documented that progeny raised from the seed of eucalypts vary greatly (Chaturvedi & Venkataraman 1973 ). In the case of hybrids, regeneration success may further be affected by a low seed production and often by difficulty with the rooting of cuttings. To overcome this, alternative methods of propagation need to be employed. In a recent review, Le Roux & Van Staden (1991) reported the culture of some 57 eucalypt species, including E. tore//iana and E. camaldulensis (Gupta et al. 1983) , E. grandis (Warrag et al. 1987 ) and E. grandis hybrids (Warrag et al. 1990) . Mass vegetative propagation through tissue culture of superior hybrids offers a potential solution to increase forest productivity by exploiting hybrid vigour and provides an aid for future genetic manipulation.
In South Africa, the most suitable areas have already been planted with the fastest growing species, E. grandis. Coldtolerant species and hybrids are therefore required for the remaining marginal areas. The main objective of this study was to develop an efficient mass micropropagation cloning system for three Eucalyptus grandis X E. urophylla clones. These hybrid clones were identified by the South African forestry industry as being of superior vigour and as demonstrating desirable pulping qualities. The specific aims were to induce multiplication, improve elongation, determine the requirements for successful rooting of eucalypt explants and establish the rooted plantlets in the soil.
Materials and Methods

Establishment of cultures
Twenty cutting-derived stock plants of three E. grandis X E. urophylla clones were obtained from Zululand. The clones WI, W2 and W3 were selected for their superior growth qualities. The potted trees were fertilized (with N:K:P; 2:3:2) every three months and hedged to stimulate coppice growth. The stock plants were maintained under 40% shade cloth and regularly sprayed with a 0.2% Benlate~ solution (active ingredient benomyl -500 g kg-I) to minimize fungal contamination.
Nodal shoots from juvenile coppice material were collected in the summer months from January to March and pre-sterilized in 0.2% Benlate~. Intact branches containing 2 -3 nodal shoots were surface-sterilized in 0.2% HgCh (containing a few drops of Tween 20 1-1 solution) for 15 min. The material was then rinsed several times in sterile distilled water. The sterile coppice material was trimmed into nodal sections (30 -35 mm in length) each containing two leaves. The leaves were reduced to one third of their original size.
One hundred nodal explants from each clone were placed into culture vessels containing initiation medium (1M , Table I ), a modification of Murashige & Skoog (MS) (1962) , where the medium strength was halved and the glycine was omitted. Cultures were maintained at 25°C in the dark for five days before being exposed to a 16-h photoperiod at a light intensity of 13.9 Il-mol m-2 s-1 in the PAR range. In order to bulk up the material in culture, the initiation procedure was repeated about five times.
Shoot multiplication
After a period of about 3 -4 weeks, the developing axillary buds were excised from the nodal explants and transferred to a multiplication medium (MM, vessel. Large multiple shoots were divided into 2 -3 clusters and subcultured back onto multiplication media to ensure sufficient explant material for subsequent experimentation.
Shoot elongation
Multiple shoots were randomly selected for lengthening on elongation medium (EM , Table I ), containing 0.2 mg rl kinetin. Shoots were exposed to EM for 2 -5 weeks before rooting was attempted.
Rooting and transfer to soil Elongated shoots were used for rooting purposes on half-strength MS media containing various levels of indole-3-butyric acid (IBA) (RMl, Table 1 ). The leaves around the base of the shoots were trimmed away and explants from each clone were placed into individual tubes. Cap-O-Test lids and Parafilm~ were used to seal the tubes. Rooting was also attempted on RM2 (Table I) , containing 1 % activated charcoal (BDH Chemicals Limited) without growth regulators. Charcoal was added to the medium prior to autoclaving. Four explants were inoculated per culture vessel and rooting percentage as well as root development of each clone was assessed after one month in culture.
The hardening-off of rooted clones involved the removal of plantlets from the culture vessels, ensuring minimal damage to the roots. Gelrite was washed from the roots using a 0.2% Benlate~ solution to reduce fungal contamination. Approximately two thousand plantlets were placed into speedling trays over a period of six months . The growth medium consisted of a pine bark mixture (finely crushed bark of P. patula and P. elliottii, composted for six months before use and containing nitrogenous fertilizers). The trays were kept under intermittent mist (15 severy 7.5 min) for one month before the plantlets were potted and transferred to a shade cloth-covered (60%) greenhouse. The survival percentage of the plantlets was assessed after two months of transplanting.
Statistical analysis
Rooting of clones was analysed by a one-way ANOY A, using the Statgraphics Statistical Program. Data were normalized by an arcsine conversion prior to analysis. Tukey's multiple comparison test was conducted to distinguish differences between the means of treatments. Rooting experiments were repeated four times with approximately 125 samples per replicate.
Results and Discussion
Eucalyptus has the ability to coppice and sprout, thus producing juvenile material less exposed to micro-organisms (Hartney 1980) . This is a factor to consider with regard to the sterilization of material. In this study, contamination was not excessive; approximately 20% loss of cultures. After the first subculture, no internal microbial infestation was observed. Vitrification, or the hyperhydricity of the tissues, resulted in a 5 -10% loss of explants throughout the culture period. Attempts were made to discard hyperhydric tissue at each subculture.
Axillary bud development of all three clones was successfully stimulated on initiation medium (1M). This medium also served as a basis for screening explants for contamination. Incubation of the cultures in the dark for a short period to reduce phenolic production (Durand-Cresswell & Nitsch 1977) proved unsuccessful and resulted in extensive callusing of leaves as well as necrosis of some explants. Incubation in the dark was therefore not included in subsequent experimentation. Phenolic production on multiplication media was not problematic when cultures were incubated directly in the light. On the multiplication medium (MM), the single axillary buds developed into shoot clusters consisting of about 6 -10 shoots per cluster. Furze & Cresswell (1985) , using similar concentrations and plant growth regulators, successfully stimulated axillary shoot proliferation of E . grandis. Trimming the apical shoots S.-Afr.Tydskr.P1antk .• 1994.60(2) Figure 1 In vilro micropropagation and soil establishment of WI. a superior E. grandis X E. urophylla clone. 1.1. Poor elongation of WI shoots on a kinetin-containing elongation medium. The development of a scar callus (arrowhead) is evident at the stem base. The anomalous leaf development is also apparent. Bar represents 2.6 mm. 1.2. Root development in WI shoots cultured on 0.1 mg 1-1 (left) and 0.5 mg 1-1 IBA (right). Notice the presence of the scar calluses associated with the stem bases (arrowhead). Single root development occurred. although lateral roots and roots hairs were also present. Bar represents 1.9 mm. 1.3. Prolific growth and root development of WI shoots developed on half-strength MS (1962) medium containing activated charcoal without growth regulators. Bar represents 1.6 mm. 1.4. Comparison of a charcoal medium-derived plantlet (A) with that obtained from a kinetin-containing elongation medium (B). after a period of 4 weeks in culture. Plantlet A has become visibly elongated and stronger than plantlet B. Leaf development is also far better in the former. showing well-expanded and enlarged leaves. Plantlet B shows the spontaneous root development observed on the auxin-free medium. Comparing the rooting of plantlet A with that obtained in explants on IBA-containing medium (1.2). shows the development of a superior root system resulting from charcoal treatment. Roots consist of a fibrous network of lateral and secondary roots. well suited to becoming established in the soil. Bar represents 1.8 mm. 1.5. The successful hardening-off of WI charcoal-derived clonal material in the foreground. compared with the poor establishment of the IBA-treated WI plantlets in the rear. Bar represents 2 mm. 1.6. Hardened-off WI clones after potting. ready for establishment in the field. Bar represents 1.9 mm. of the clusters, and thus breaking apical dominance resulted in abundant lateral shoot production. Multiplication rates of each clone were doubled after 3 -4 weeks in culture.
The elongation medium (EM) was essentially the same as that used for multiplication except for the omission of NAA and the replacement of BA with kinetin. Elongation was a slow and erratic process, often only occurring in one of the four explants in a particular culture vessel. Shoots often became etiolated, possibly as a result of low light intensity and, although stem elongation was observed, leaves did not always develop normally but remained stunted. Franclet & Boulay (1982) reported similar observations of abnormal leaf and stem development of E. gunnii Hook. F. with the use of gibberellic acid concentrations higher than 0.1 mg rl. Spontaneous rooting of some explants (approximately 19.4%) was also observed on this auxin-free medium, but root development was poor, consisting of very fine, easily damaged roots often associated with scar callus. The elongation medium resulted in the production of poor quality material which was not always suitable for rooting (Figure 1.1) . Similar observations were made for all three clones.
Suitably elongated shoots, derived from the kinetin-containing elongation medium, were rooted using IBA as a rooting stimulant (RMI, Table I ). Rooting was also achieved on a medium containing activated charcoal, with the omission of hormonal constituents (RM2, Table 1 ). There was no significant difference (P < 0.05) in the rooting response of clones to the various levels of IBA tested (results not shown). The rooting results for each clone treated with IBA were therefore pooled. A mean rooting of 53.7% was obtained by treating WI explants with IBA (Figure 2 ). Although this clone showed the best response to auxin, no significant difference (P < 0.05) was observed between the three clones ( Figure 2) . Root induction on RM2 (containing activated charcoal) improved in all three clones, especially in WI where rooting was significantly (P < 0.05) greater than that induced by IBA (Figure 2 ).
Despite the enhanced rootability of the W2 and W3 clones, no significant difference was observed between the IBA and charcoal treatments. The variation observed in rooting responses of the clones suggests that clonal differences may play a role in their performance in tissue culture.
Rooting of IBA-treated shoots was initiated after two weeks in culture, except in W3 which required three weeks before rooting was observed. WI shoots were often hyperhydric (vitrified) and in many cases a large scar callus developed at the base of the stem (Figure 1.2) . Necrosis of the scar calluses was often observed, even before rooting occurred. Martin (1985) suggested that the scar callus could limit the efficient movement of water and nutrients to the plantlet, especially 125 when the roots developed from or below the structure. The presence of basal callusing also has severe implications in terms of plantlet establishment in the soil. Excessive hyperhydricity of explants was also observed in the W2 and W3 clones, with the development of scar calluses at the stem bases. In some cases multiple root emergence with dense root hair cover occurred or only one or two slender roots developed per explant, with few lateral roots or root hairs being present. Thickened and stunted roots, suggesting abnormal development, were observed (mainly at the higher IBA concentrations). Roots were also observed to develop at any point in contact with the medium, often resulting in direct root development from leaves touching the medium.
The use of activated charcoal in the medium did not only ameliorate rooting, but also improved shoot growth in all clones. Rooting and shoot elongation was achieved in 50 -80% of explants. It has been estimated that the rooting ability of a clone must be in the region of 60 -70% for it to be considered for commercial afforestation (Brandao, 1985) . The improved rootability of the explants through the use of activated charcoal would therefore ensure the marketability of the three experimental clones for commercial purposes. Stem thickening as well as leaf expansion, coupled with the simultaneous rooting of explants, was observed (Figure 1.3) . After 2 -3 weeks on the charcoal-containing medium, the small shoot clumps, previously subcultured from multiplication medium (MM), developed into healthy well-rooted plantlets, in comparison to those obtained from elongation medium (EM) (Figure 1.4) . Roots appeared as a fibrous network consisting of numerous secondary roots and fine roots hairs. This improved morphogenesis of the clones on the charcoal-containing medium, could be attributed to the suggestion that activated charcoal may regulate the supply of certain endogenous growth regulators (Reinert & Bajaj 1977) . Furthermore, Dodds & Roberts (1985) suggest that some of the effects of activated charcoal may be due to the darkening of the support matrix, thus approximating more closely the soil conditions. The visibly improVed simultaneous elongation and rooting of explants could have a significant practical application for eucalypt micropropagation. The development of long, healthy shoots, enables efficient rooting and further survival (Warrag et ai. 1990) . The use of activated charcoal in eucalypt micropropagation has been reported on previously (Depommier 1982; Franclet & Boulay 1982; Furze & Cresswell 1985) , but predominantly in association with gibberellic acid to promote shoot elongation. In contrast, this study illustrates the beneficial effects of using activated charcoal as a successful rooting stimulant.
The hardening-off of charcoal -derived plantlets of all clones, under intermittent mist, was far more successful than that of the IBA-derived plantlets (Figure 1.5 ). This protocol, although very promising, still requires further research before commercial application can be considered. WI appears to be the clone most adaptable to establishment in the field, as 70.5% of the rooted plantlets were successfully hardened off (Figure 1.6) , almost twice as many as the next best clone, W3 (Figure 3) . Clones W2 and W3 were more easily hardened off using charcoal (Figure 3 ). Numerous authors (Sutter 1988; Mohammed et al. 1992) have shown that the adaptation of tissue-cultured plantlets to ex vitro conditions depends on the development of autotrophism and the ability to balance water loss with water uptake.
The establishment of the hormone-rooted plantlets in pine bark was more difficult (Figure 3) . Plantlets easily succumbed to desiccation as a result of their hyperhydric state and thus poor cuticle development (Jones et al. 1993) . A further reason for their poor establishment may have been the presence of a scar callus at the stem base, which inhibits normal water passage from the roots to the shoot. Durand-Cresswell et ai. (1982) suggest that the transfer from rooting medium should be done as soon as a few roots have been produced and that the variability between clones should also be considered during hardening-off. The poor photosynthetic rate of tissue cultured plantlets as a result of the lack of a foliar anatomical specialization (Von Arnold & Eriksson 1984; Donnelly et al. 1985) , in terms of poor chloroplast and leaf epidermal development (Jones et al. 1993) , may also contribute to the poor establishment results. Successfully established plantlets are presently been used in a field trial.
